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the	 most	 pressing	 questions	 in	 applied	 evolutionary	 and	 ecological	 research.	




modation,	 can	 facilitate	 invasion	 success.	We	 investigated	 the	 population	 genetic	
structure	of	an	Asian	freshwater	mussel	with	a	parasitic	dispersal	stage,	Sinanodonta 
woodiana,	which	has	been	present	 in	Europe	 since	1979	but	which	has	 expanded	
rapidly	in	the	last	decade.	Data	from	a	mitochondrial	marker	and	nuclear	microsatel-
lites	have	suggested	that	all	European	populations	of	S. woodiana	originate	from	the	












K E Y W O R D S
Anodonta woodiana,	approximate	Bayesian	computation,	biological	invasion,	introduction	
history,	invasion	genetics,	population	genetics,	unionid	mussel
1976  |     KONEČNÝ Et al.
1  | INTRODUC TION
Invasions	 of	 non-	native	 species,	 defined	 as	 a	 rapid	 geographical	
spread	 and	 increase	 in	 local	 population	 size	 outside	 the	 species	
original	range,	often	threaten	native	species,	communities,	and	eco-




one	of	 the	 central	 questions	 in	 contemporary	 research	 in	ecology	
and	evolution	(Strayer,	2012).














phenotypic	plasticity	 through	 its	exposure	 in	a	novel	environment	
(Bock,	Kantar,	Caseys,	Matthey-	Doret,	&	Rieseberg,	2018).
Freshwater	ecosystems	are	particularly	susceptible	to	biological	
invasions	 (Ricciardi	&	MacIsaac,	2011).	Their	vulnerability	 is	 linked	




leisure	 activities	 (Anderson,	White,	 Stebbing,	 Stentiford,	 &	 Dunn,	
2014).	Indeed,	some	of	the	most	notorious	examples	of	invasive	spe-
cies	include	examples	of	freshwater	non-	vertebrate	(e.g.,	Dreissena 
polymorpha	 (Pallas),	 Corbicula fluminea	 (Muller),	 and	 Procambarus 







in	 dreissenid	mussels,	 or	 drifting	 fish	 eggs	 (Chapman	 et	al.,	 2013;	
Therriault,	Orlova,	Docker,	MacIsaac,	&	Heath,	2005).
Sinanodonta woodiana	 (Lea)	 is	 a	 freshwater	 mussel	 with	 a	 na-
tive	distribution	 in	East	Asia	 that	has	 invaded	 several	 regions	out-
side	 its	 native	 range	over	 the	 last	 50	years.	 It	 is	 a	 benthic	 species	
associated	with	 soft	 sediment	 and	 is	 known	 to	 tolerate	 low	water	
quality	 in	 terms	of	organic	 and	 inorganic	pollution	 (Li	 et	al.,	 2015).	















While	 detected	 in	 the	 wild	 in	 Europe	 in	 1979	 in	 western	









in	Watters,	1997).	After	an	 isolated	 record	 from	France	 in	1982	
with	a	 trace	 to	 the	Hungarian	source	 (Adam,	2010),	 local	estab-
lishment	in	southern	Hungary	(1988)	and	in	a	system	of	artificially	
heated	 lakes	 in	 central	 Poland	 (1993),	 the	 species	 appeared	 to	
show	no	 further	 signs	of	dispersal	 and	 it	was	 long	 considered	a	




ing	subalpine	 lakes	 in	northern	Italy	 (2010)	 (Kamburska,	Lauceri,	
&	Riccardi,	 2013)	 and	 regions	 that	 are	 subject	 to	 relatively	 long	
winters	(southern	Sweden	in	2005)	(Svensson	&	Ekström,	2005).	
At	 least	 two	 European	 populations	 of	 S. woodiana	 possess	 sep-
arate	morphotypes	on	 the	basis	of	 their	 shell	 shape,	with	 a	dis-
tinct	coevolutionarily	driven	response	to	a	parasitic	fish	in	Europe	
(Reichard	et	al.,	2015).	A	recent	study	of	 two	 Italian	S. woodiana 
populations	demonstrated	that	the	two	morphotypes	are	not	ge-
netically	distinct	at	a	mitochondrial	marker	(Guarneri	et	al.,	2014),	
suggesting	 that	morphological	 variability	 of	S. woodiana	 popula-
tions	 in	 Europe	 represents	 a	 plastic	 response	 to	 environmental	
conditions	 (a	 common	 feature	 of	 unionid	 mussels)	 rather	 than	
genetically	 determined	 variability	 (Soroka	 &	 Zdanowski,	 2001).	
Yet,	 the	 genetic	 variability	 of	 European	S. woodiana	 populations	
beyond	mitochondrial	markers	is	unknown,	despite	a	potential	for	
population-	specific	 impacts	 of	 invasive	 S. woodiana	 populations	
on	native	communities	and	ecosystems.
In	the	present	study,	a	set	of	16	populations	collected	from	
the	 European	 non-	native	 range	 of	 S. woodiana	 was	 used	 to	
investigate	 the	origin	 and	dispersal	of	S. woodiana	 in	Europe,	
using	 a	mitochondrial	marker	 (fragment	of	 the	COI	 gene)	 and	
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a	 set	 of	 specifically	 designed	 nuclear	 microsatellite	 markers	
(Popa,	Bartáková,	Bryja,	 Reichard,	&	Popa,	 2015;	 Popa	 et	al.,	
2011).	European	S. woodiana	populations	were	compared	with	
genetic	 variability	 in	 the	 native	 range	 of	 the	 species	 in	 East	
Asia.	 The	main	 aims	 of	 the	 study	 were	 as	 follows:	 (a)	 to	 de-
scribe	the	genetic	diversity	and	structure	of	invasive	S. woodi-
ana	populations	in	Europe;	(b)	to	identify	the	putative	original	




Bayesian	 Computation;	 (d)	 to	 locate	 the	 potential	 sources	 of	
S. woodiana	 from	 its	 native	 range	 that	 were	 introduced	 to	
Europe,	 and	 (e)	 to	 consider	 the	 management	 implications	 of	
the	results.








S. woodiana	 individuals	 from	16	populations	 in	Europe	and	137	 in-
dividuals	from	six	populations	in	China	(Table	1;	Figure	1).	Our	sam-
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(Cefa,	Bihor	County,	Romania)	 (Sárkány-	Kiss,	1986),	 the	population	
FR	was	 collected	 close	 to	Arles	 (France),	where	 S. woodiana	 shells	
were	reported	in	1982	as	the	second	oldest	record	in	Europe	(Adam,	







2.2 | DNA extraction and genotyping
Genomic	DNA	was	 extracted	using	 the	NucleoSpin®	 Tissue	 kit.	A	






double-	checked	 manually.	 The	 presence	 of	 null	 alleles	 for	 each	
locus	and	population	was	assessed	with	FreeNA	(Chapuis	&	Estoup,	
2007).	 Detailed	 protocols	 are	 available	 in	 Supporting	 Information	
(Appendix	S1).
2.3 | Mitochondrial data analysis
A	 total	 of	127	COI	 sequences	were	 analyzed	 (62	produced	 in	 this	
study	 and	 65	 retrieved	 from	 GenBank;	 78	 from	 Europe	 and	 49	




(Pi;	 average	 number	 of	 nucleotide	 differences	 per	 site	 in	 pairwise	
comparisons	 among	 sequences)	 (Nei,	 1987),	 calculated	 in	 DnaSP	





2.4 | Genetic diversity and structure
Of	the	17	originally	developed	loci,	a	high	frequency	of	null	alleles	
(mean	 >0.07	 per	 population)	was	 detected	 at	 seven	 loci	 and	 they	
were	 excluded	 from	 all	 subsequent	 analyses	 to	 avoid	 the	 biases	
caused	by	null	alleles	such	as	an	 increase	 in	 interpopulation	diver-
gence	 (Chapuis	&	 Estoup,	 2007).	 Genetic	 diversity	was	 estimated	
over	 the	 remaining	 10	 loci	 by	 calculating	 observed	 heterozygo-
sity	 (HO)	 and	 unbiased	 expected	 heterozygosity	 according	 to	 Nei	
(1978)	 (HE)	 in	GENETIX	4.05.2	 (Belkhir,	Borsa,	Chikhi,	Raufaste,	&	
Bonhomme,	 1996-2004).	 Mean	 allelic	 richness	 (AR)	 over	 loci	 was	
determined	with	the	rarefaction	procedure	in	FSTAT	2.9.3	(Goudet,	
2001)	to	estimate	the	expected	number	of	alleles	in	subsamples	of	
six	 individuals	 (corresponding	 to	 the	 smallest	 population	 sample).	





geographic	 distances	 (Euclidian	 distances	 in	 km)	 among	 European	
populations	(isolation	by	distance)	was	analyzed	using	a	Mantel	test	
(999	 permutations)	 in	 GenAlEx	 6.501	 (Peakall	 &	 Smouse,	 2012).	





introduced	 European	 and	 native	Chinese	 populations	were	 tested	
using	 a	 two-	sided	 permutation	 test	 (1,000	 permutations)	 imple-
mented	in	FSTAT.
The	 spatial	 genetic	 structure	 of	 European	 populations	was	 in-
vestigated	with	the	Bayesian	approach	implemented	in	STRUCTURE	
version	2.3.4	(Pritchard,	Stephens,	&	Donnelly,	2000).	First,	we	an-




We,	 therefore,	 ran	a	 second	analysis,	 in	which,	only	 samples	 from	
non-	native	European	range	were	included,	because	we	were	primar-
ily	 interested	 in	 the	 relationship	 between	 populations	 in	 the	 non-	
















same	mode	 and	produced	 summary	bar	 plots	 for	 a	 given	K value. 
We	displayed	the	probability	of	the	data	(ln	p(K|D))	for	each	K value.
2.5 | Inference of invasion pathways in Europe by 
approximate Bayesian computation
For	 the	analysis	of	 invasion	pathways	 in	an	Approximate	Bayesian	
Computation	 (ABC)	 framework	 (Beaumont,	 Zhang,	 &	 Balding,	
2002),	we	selected	samples	representing	each	group	of	genetically	
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coherent	samples,	which	were	defined	as	samples	that	hold	coher-






The	 relationship	 among	 the	 11	 populations	 was	 modelled	 by	
comparing	 posterior	 probabilities	 for	 various	 models	 (i.e.,	 evolu-










an	 exploratory	ABC	 approach.	We	modelled	 relationships	 (origin)	
within	each	pair	of	populations	by	building	55	 independent	 “pair-
wise	ABC	comparisons,”	an	approach	similar	to	Miller	et	al.	(2005)	





ing	 in	 the	 identity	of	 the	 source	populations	and	 the	presence	of	
admixture	(Supporting	Information	Figure	S2).	The	population	pair	















Each	 scenario	 was	 defined	 by	 a	 combination	 of	 three	 demo-
graphic	 events	 (change	 in	 effective	 population	 size,	 population	
split,	 and	 merging	 of	 two	 populations).	 Resulting	 simulated	 gen-
otypes	 (represented	 by	 their	 summary	 statistics)	were	 compared	
to	the	sampled	genotypes.	Each	event	was	linked	to	particular	pa-
rameters:	 timing	of	 the	event	 (generations	 to	 the	past),	 effective	
population	 size,	 or	 admixture	 rate	 (i.e.,	 the	 genotypic	 proportion	
of	ancestral	populations	when	merging	them	into	a	single	derived	
population).	 In	 addition,	 because	 we	 modelled	 invasion	 events,	
we	always	considered	a	potential	bottleneck	effect	in	each	newly	
founded	population	(defined	by	the	duration	of	bottleneck	and	lim-
ited	 effective	population	 size	during	 the	 time	of	 the	bottleneck).	
The	 definition	 of	 the	 12	 scenarios	 in	 the	 DIYABC	 is	 reported	 in	
Supporting	 Information	 Figure	 S2.	 The	 prior	 distributions	 of	 the	
parameters	 were	 uniform,	 and	 their	 ranges	 were	 as	 follows:	 ef-
fective	 population	 sizes	 10–20,000	 individuals,	 timing	 of	 events	
2–100	 generations	 ago,	 admixture	 rate	 0–1,	 bottleneck	 duration	
0–20	generations,	and	effective	population	size	during	bottleneck	









The	 first	 group	 included	 five	 loci	 with	 a	 dinucleotide	 microsatel-





using	 the	 same	priors.	We	set	default	 values	 for	microsatellites	 in	
DIYABC,	 except	 the	mean	mutation	 rate,	where	we	 used	 a	 larger	
uniform	prior	 interval	from	10−5	to	10−3.	To	estimate	sensitivity	to	
priors,	we	reran	the	same	55	pairwise	comparisons	with	log-	uniform	
prior	 distributions	 (over	 the	 same	 range	 as	 for	 uniform	priors)	 for	
effective	 population	 sizes	 and	 timing	 of	 events.	 For	model	 choice	
inference,	we	generated	a	table	of	106	simulated	datasets	for	each	of	
the	12	scenarios	for	each	of	the	ABC	pairwise	comparisons.





to	 those	 traditionally	 used	 in	 population	 genetics);	 NAL:	 mean	
number	of	alleles,	HET:	mean	genic	diversity,	N2P:	mean	number	
of	alleles	in	two	samples,	FST,	LIK:	classification	index,	and	DM2:	
(dμ)2	 distance	 (Cornuet	 et	al.,	 2014).	We	 compared	 the	different	
scenarios	 by	 calculating	 their	 relative	 posterior	 probabilities	 by	
polychotomous	logistic	regression	(Cornuet	et	al.,	2008)	from	the	
1%	of	simulated	data	sets	most	closely	 resembling	 the	observed	
data	 set	 (in	 a	multidimensional	 space	 of	 the	 summary	 statistics)	
in	 terms	 of	 the	 calculated	 discriminant	 scores	within	 the	 option	
“Linear	 discriminant	 analysis	 on	 summary	 statistics”	 included	 in	
DIYABC	by	Estoup	et	al.	(2012).




scenarios	 could	 be	 selected	 for	 each	 “pairwise	 comparison.”	We	
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mean	 M	 index,	 H2P:	 mean	 gene	 diversity	 in	 two	 samples,	 V2P:	












An	 alignment	 of	 partial	 COI	 sequences	 (370	bp)	 obtained	 from	 78	









Given	 the	 unresolved	 taxonomy	 of	 S. woodiana	 (e.g.,	 Vikhrev	 et	al.,	
2017;	see	Discussion)	and	our	focus	on	invasive	populations	in	Europe,	
we	only	analyzed	the	mtDNA	diversity	of	the	haplogroup	present	in	












allelic	 richness	 (AR6)	 varied	 from	 3.97	 in	 Italian	 population	 (ITPO)	
to	5.11	 in	a	population	from	southern	France	 (FR)	and	the	pattern	
of	allelic	richness	for	AR17	was	concordant.	The	expected	unbiased	
heterozygosity	over	all	 loci	 (HE)	 ranged	from	0.676	±	0.200	 (SD)	 to	
0.795	±	0.128	in	ITPO	and	FR,	respectively	(Table	1).
Genetic	 diversity	 in	 six	 Yangtze	 basin	 populations	 was	 larger	
than	 in	 the	 introduced	European	populations	 (allelic	 richness	AR6: 
5.663	 vs.	 4.543,	 two-	sided	 permutation	 test	 in	 FSTAT,	 p < 0.001; 
gene	diversity	GD:	0.806	vs.	0.743,	p = 0.022).	However,	there	was	
no	significant	difference	between	FST	within	European	and	Yangtze	
populations	 (two-	sided	 permutation	 test,	 p = 0.654),	 with	 mean	
FST	of	0.054	 in	Europe	and	0.068	 in	 the	Yangtze	basin.	 In	Europe,	
mean	pairwise	genetic	differentiation	between	populations	ranged	
from	0.005	 (FR	 vs.	 BGDA)	 to	 0.144	 (PLSP	 vs.	 ROMU;	 Supporting	
Information	 Table	 S3).	 Likewise,	 observed	 heterozygosity	 (Ho)	 did	
not	differ	between	populations	from	Europe	(0.736)	and	the	Yangtze	
basin	(0.726)	(p = 0.677).
F IGURE  2 Haplotype	network	of	all	127	S. woodiana	COI	sequences	retrieved	from	GenBank	and	analyzed	for	the	current	study.	Five	
major	mitochondrial	haplogroups	were	named	in	accordance	with	Bolotov	et	al.	(2016).	Blue	represents	European	samples,	and	black	
indicates	samples	from	China	(Yangtze	basin)
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3.3 | Microsatellite genetic structure in Europe
A	Mantel	test	indicated	a	lack	of	isolation	by	distance	structure	among	













3.4 | Inference on invasion pathways in Europe




with	 the	highest	 relative	posterior	probability	 and	95%	CI	not	
overlapping	with	the	95%	CI	of	 the	other	models	 in	the	analy-
sis;	 Supporting	 Information	 Table	 S4).	 They	 are	 referred	 to	 as	
“single-	winner”	pairwise	comparisons.	The	two	best	models	had	
overlapping	 CIs	 in	 their	 posterior	 probabilities	 in	 14	 pairwise	
analyses	 (26%;	 “double-	winner”	 comparisons)	 and	 10	 pairwise	
comparisons	 had	 three	 or	more	 best	models	with	 overlapping	
CIs.	 Three	 pairwise	 comparisons	 (ROMU	 vs.	 ROSV,	 PLSZ	 vs.	
ROMU,	 and	 PLKO	 vs.	 PLSZ;	 dotted	 edges	 in	 Figure	4)	 failed	
to	 identify	 any	 well-	supported	 model,	 with	 most	 scenarios	
possessing	 similar	 relative	 posterior	 probabilities	 (Supporting	
Information	 Tables	 S2	 and	 S4).	 This	 outcome	 indicates	 that	
there	 was	 not	 sufficient	 signal	 for	 a	 clear	 genetic	 distinction	
to	be	drawn	between	members	of	 these	three	pairs	and	those	
populations	were	likely	closely	related.	Confidence	in	scenario	
choice	 and	 robustness	 to	 changes	 in	 prior	 distribution	 of	 pa-
rameters	was	largely	confirmed	by	an	analysis	with	log-	uniform	
priors,	with	38%	(17	of	45)	of	pairwise	contrasts	with	a	“single-	
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four	 principal	 components	 (PCA	 plots	 in	 Supporting	 Information	





derived	 from	 an	 ancestral	 population	 (A)	 and	 cofounded	 numer-
ous	 other	 populations.	 A	 direct	 origin	 from	A	was	 also	 suggested	
in	two	(of	six)	analyses	of	ROSV	(located	close	to	ROMU)	and	one	









Information	 Table	 S2)	 had	 never	 been	 selected	 as	 a	 single-	winner	
comparison	 (Figure	4).	 This	 finding	 implies	 frequent	 gene	 flow	





top	 scenarios	 in	 the	 double-	winner	 comparisons	 indicated	 a	 con-
cordant	relationship;	that	is,	PLSZ	was	cofounded	from	FR	and	PLLI	













China.	Nuclear	microsatellite	markers	 indicated	a	high	 level	of	 ad-
mixture	 among	 European	 populations,	 consistent	 with	 intensive	
gene	flow	and	no	pattern	of	isolation	by	distance.	Genetic	diversity	
of	microsatellite	markers	was	 lower	 in	Europe	 than	 in	populations	
sampled	from	the	Yangtze	basin,	though	the	decrease	was	not	dra-
matic	and	genetic	differentiation	and	observed	heterozygosity	did	
not	differ	 between	Europe	 and	 the	Yangtze	basin.	ABC	modelling	
recovered	 two	 areas	 (southern	 France	 and	 the	 region	 of	 western	
Romania,	 southern	 Hungary	 and	 northern	 Croatia),	 geographi-
cally	 concordant	with	 the	 oldest	 European	 records,	 as	 the	 source	
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followed	 by	 a	 record	 of	 a	 shell	 in	 southern	 France	 near	Arles	 (the	
lower	river	Rhone	basin)	in	1982	(Adam,	2010).	Its	initial	spread	was	
slow	and	restricted	to	artificially	heated	waters	(Urbanska,	Lakomy,	
Andrzejewski,	 &	 Mazurkiewicz,	 2012).	 However,	 the	 species	 be-
came	widespread	in	Europe	during	the	first	two	decades	of	the	21st	

























species	 (Kraszewski	 &	 Zdanowski,	 2007;	 Spyra,	 Jedraszewska,	
Strzelec,	 &	 Krodkiewska,	 2016)	 with	 limited	 invasion	 potential,	
S. woodiana	has	now	colonized	habitats	with	low	water	temperatures	
(Kamburska	 et	al.,	 2013).	 It	 is	 possible	 that	 overcoming	 a	 thermal	
limitation	 in	 its	 reproduction	was	 the	evolutionary	 innovation	 that	
triggered	the	invasion	of	S. woodiana	across	Europe	(Douda,	Vrtílek,	
Slavík,	 &	 Reichard,	 2012;	 Galbraith	 &	 Vaughn,	 2009;	 Kraszewski,	
2007).	 It	 appears	 that	 novel	 (cold-	tolerant)	 phenotypes	 arose	
through	in	situ	adaptation	and	were	perhaps	facilitated	by	repeated	
admixture.	Genetic	accommodation	of	existing	phenotypic	plasticity	
driven	by	 adaptive	evolution	on	 reaction	norms	has	 recently	been	




genotype	or	 intensive	 propagule	 pressure	 from	native	 populations	
driving	admixture	and	subsequent	expansion	of	S. woodiana.











water	 fish	 species	hitherto	 tested	 (Douda	et	al.,	2012,	2017).	This	
feature	 is	not	unique	 to	 invasive	S. woodiana	populations,	because	
S. woodiana	also	utilizes	an	exceptionally	broad	range	of	host	species	
in	 its	native	range	 (Douda	et	al.,	2017;	Dudgeon	&	Morton,	1984).	
Population Source: ancestral Source: admixturea Source: unsampled NSingleWin
BGIS – 2:	ROMU,	PLKO 4 6
ROSV 2 2:	PLKO,	PLSP 2 6
ROMU 5 – – 5
CZKY – 3:	ROSV,	ROMU,	FR 3 6
CZTR – 1:	ROMU 4 5
PLSZ – (+1:	FR) 2 2




PLOP – 3:	ROSV,	ROMU,	FR 5 8
PLSP – 1: FR 4 5
FR 4 – – 4
Notes.	The	source	of	the	S. woodiana	population	sample	is	indicated.	When	admixture	scenario	was	


















of	S. woodiana	 in	Europe	being	 in	Central	China,	 a	 region	 that	 is	 a	
frequent	 source	 of	 invasions	 to	 the	 western	 Palearctic	 (Nentwig,	
2009).	 S. woodiana	 has	 a	 relatively	wide	 natural	 distribution,	 from	
temperate	southeast	Russia	(River	Amur	basin)	to	tropical	southern	
China,	with	large	genetic	divergence	among	lineages	(Vikhrev	et	al.,	
2017).	Given	 its	more	compatible	climate,	 the	River	Amur	basin	 is	
another	potential	source	of	S. woodiana	 in	Europe	(Watters,	1997),	
particularly	given	 the	well-	documented	historical	 commercial	 links	
between	that	region	and	Eastern	Europe	(Watters,	1997).	However,	
the	region	is	home	to	populations	of	S. woodiana	with	distinctly	dif-
ferent	mitochondrial	 lineages	 to	 those	 in	Europe	 (Bespalaya	 et	al.,	
2017;	 Sayenko	 et	al.,	 2017).	 Similarly,	 S. woodiana	 populations	 on	
the	Korean	Peninsula	 and	 from	 Japan	are	genetically	distant	 from	
European	populations	(Vikhrev	et	al.,	2017)	and	invasive	populations	
of	S. woodiana	in	south-	eastern	Asia	belong	to	a	different	mitochon-









included	samples	 from	regions	other	 than	 from	Europe	and	China.	
Our	analysis,	 therefore,	 cannot	exclude	 the	possibility	of	a	bridge-
head	 invasion	 to	 Europe	 via	 another	 region	 (van	 Boheemen	 et	al.,	
2017).	However,	we	believe	that	a	bridgehead	invasion	from	outside	
Europe	is	unlikely.	First,	invasive	populations	of	S. woodiana	in	south-	
eastern	 Asia	 (Malaysia,	 Indonesia,	 the	 Philippines)	 were	 imported	
from	Taiwan	(Watters,	1997)	and	belong	to	a	different	phylogenetic	
lineage	(“tropical	invasive	lineage	A”)	(Bolotov	et	al.,	2016),	except	for	






















recruitment	 of	 native	 European	 mussels	 (Donrovich	 et	al.,	 2017).	






to	 different	 S. woodiana	 populations	 in	 Europe.	While	 populations	
from	Central	 Poland	were	 used	 by	R. amarus	 for	 oviposition,	with	
all	 bitterling	 embryos	 later	 ejected,	 S. woodiana	 populations	 from	
the	 southern	Czech	Republic	were	 completely	 avoided	by	R. ama-
rus,	thereby	mitigating	the	costs	of	failed	development.	Hence,	the	
identity	of	S. woodiana	populations	determines	the	impact	of	S. woo-
diana	 on	 native	R. amarus,	 from	 almost	 neutral	 to	 highly	 negative	
(Reichard,	Vrtílek,	Douda,	&	Smith,	2012;	Reichard	et	al.,	2015).	The	
current	 study	 demonstrated	 that	 the	 two	S. woodiana	 populations	
previously	used	to	test	their	response	to	bitterling	fish	are	geneti-
cally	differentiated	(PLLI	and	CZKY	populations,	respectively).	This	
finding	 highlights	 that	 different	 S. woodiana	 populations	 can	 have	
different	impacts	on	native	communities,	an	increasingly	recognized	
feature	of	many	invasive	species	(Morais	&	Reichard,	2018).
Testing	 alternative	 invasion	 scenarios	 in	 a	 species	 that	 read-
ily	 overcomes	natural	 dispersal	 barriers	 is	 challenging	 (Estoup	&	
Guillemaud,	 2010).	Here,	we	used	 a	 novel	 exploratory	 approach	
by	 testing	 all	 pairwise	 associations	 between	 potentially	 linked	
populations	 using	 an	 ABC	 modelling	 framework.	 This	 approach	
was	computationally	feasible	for	our	set	of	12	potential	scenarios	
across	 11	 highly	 admixed	 populations,	 enabling	 us	 to	 test	many	
competing	colonization	scenarios	and	to	generalize	across	a	mul-
titude	of	pairwise	contrasts,	without	a	priori	exclusion	of	any	po-
tential	 relationship.	 This	method	 is	 comparable	 to	 the	 approach	
of	Miller	et	al.	(2005)	who	compared	three	introduction	scenarios	
for	six	populations	and	shares	the	rationale	with	the	stepwise	pro-
cedure	 that	 requires	 straightforward	 hypotheses	 about	 invasion	
pathways	 based	 on	 historical	 data	 and/or	 pronounced	 genetic	
structure	 (e.g.,	 Konečný	 et	al.,	 2013;	 Lombaert	 et	al.,	 2014)	 and	
a	tournament	approach	 (Stone	et	al.,	2017).	Ultimately,	 it	proved	
useful	in	providing	insights	into	the	origin	of	European	populations	
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of	 S. woodiana	 are	 linked	 through	 a	 network	 of	 admixture	 events	
between	 the	 original	 source	 populations	 and	 derived	 ones.	 Their	
fine-	scale	genetic	distinctiveness	 is	 likely	 related	 to	 serial	 founder	
effects.	 It	 remains	 to	be	 fully	 investigated	how	and	why	different	
populations	of	S. woodiana	vary	in	their	invasive	potential	and	their	
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